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We have measured the temperature (2.9 K < T < 50 K) and magnetic field (0 T < B < 9 T) dependences 
of longitudinal and Hall resistivities for HgCdTe/HgTe/HgCdTe system with HgTe quantum well width 
of 20.3 nm. The activation analysis of the experimental magnetoresistivity traces has been used as a quantitative 
tool to probe inter-Landau level distances. The activation energies were determined from the temperature de-
pendence of the longitudinal resistivity in the regions of quantized Hall plateaus (for the filling factors ν of 1, 2 
and 3) and the indications of the large values of the g factor ≅ 30–75 were found. 
PACS: 73.63.Hs Quantum wells; 
73.43.Qt Magnetoresistance. 
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1. Introduction 
Heterostructures of HgTe and CdTe are of type III 
combining a positive band gap semiconductor (CdTe) and 
a zero-gap semimetal (HgTe) with gaps formed between 
states of Γ8 and Γ6 symmetry. In recent years, high-mobi-
lity HgTe-based heterostructures have become available 
for experimental investigations due to advances in the mo-
lecular beam epitaxy (MBE) technology (see, for example, 
[1] and references therein). Layered quantum structures 
of HgTe and CdTe attracted interest due to the rich possi-
bilities for band structure species. 
Depending on their thicknesses, single HgTe quantum 
well (QW) between CdTe (or HgCdTe with a large energy 
gap) barriers can exist in two distinct regimes [1]. For 
small QW widths and thus larger subband separations, an 
open gap is formed between heavy-hole subband (H1) and 
an electron-like light-particle subband (E1) that corresponds 
to the normal regime. With increasing QW width the E1 
subband falls below the topmost heavy-hole subbands and 
takes on hole-like character, while the H1 subband be-
comes electron-like. Such QWs are in the inverted-band 
regime. The inverted regime is achieved when QW width, 
dQW, exceeds a critical value dc ≅  6.3 nm. 
In the latter case the conduction band exhibits Γ8 sym-
metry with a coupling heavy-hole to light-particle states at 
finite inplane wave vectors. That leads to a complex Lan-
dau level (LL) spectra as a quantizing magnetic field un-
covers the mixed nature of the H1 subband in the inverted-
band regime [2]. 
It is known that the effective probing of the LL fan dia-
gram can be realized by means of the activation mag-
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netotransport analysis under the quantum Hall (QH) re-
gime. Distances between adjacent LLs can be extracted 
and a density of localized states in the mobility gaps may 
be determined from scanning them by the Fermi level in 
experiments of this kind [3–7]. Experimental reconstruc-
tion of the energy spectrum is especially important for sys-
tems with a complex band structure where the LL picture 
is determined not only by the cyclotron energy with a giv-
en effective mass as for a simple parabolic conduction 
band system. 
As for the HgTe-based 2D structures, in [8] the activa-
tion energies were determined from the temperature de-
pendence of the longitudinal resistivity in the regions of 
quantized Hall plateaus (for the filling factors ν of 1 and 2) 
in a 6.6 nm HgTe quantum well at magnetic fields up to 
34 T at nitrogen temperatures. The indications of the large 
values of the g factor (about 30–40) were found. 
In [9] the quantum Hall effect (QHE) in HgTe QWs 
with a finite band gap below and above the critical thick-
ness dc (dQW = 5.9 nm and 11 nm) has been studied up to 
temperatures of the order of 50 K. From temperature de-
pendent magnetotransport measurements, they extracted 
the energy gaps between LLs of the order of 40–45 meV 
for ν = 1 and of the order of 25 meV for ν = 2, in good 
agreement with the Landau level spectrum obtained from 
·k p calculations. 
In our previous paper [10] we have studied the QHE 
plateau–plateau transition for a wide temperature range 
T = 2.9–50 K at HgCdTe/HgTe/HgCdTe system with the 
inverted band structure. In subsequent work [11] the first 
study of variable-range hopping conductivity at the QHE 
plateau regions in the HgTe/HgCdTe heterostructure has 
been done. The present work is devoted to a probing of 
HqTe quantum well LL spectrum at the same system by 
means of the quantum Hall effect. 
2. Characteristics of the sample 
We present a study of quantum magnetotransport 
in a 20.3-nm-wide HgTe QW grown on the (013) GaAs 
substrate, symmetrically modulation doped with In at both 
sides at distances of about 10-nm spacers. The electron 
gas density is nS = 1.5·10
11 cm−2 with a mobility of 
22 m2/(V·s). 
The 2DEG in wide HgTe quantum well (d > dc ≅  
6.3 nm≅ ) is characterized by a highly specific energy 
spectrum with an inverted band structure, low effective 
mass meff ≈ (0.02–0.03)m0 (m0 being free electron mass) 
and, consequently, a large Landau level separation. In [12] 
a review of the bulk HgTe and CdTe bandstructure and a 
simple model for the physics of the relevant subbands of 
HgTe/CdTe QW are presented. 
In the inverted regime of HgTe QW the first size-
quantized heavy-hole subband H1 becomes the lowest 
conduction band as the theory [13,14] predicts an electron-
like effective mass for it. The highest valence band is now 
the second size-quantized heavy-hole subband H2 with 
nonmonotonic dispersion law [13,14]. 
A substantial overlap about 6.45 meV of the valence H2 
and conduction H1 subbands is obtained when the strain is 
considered in calculations, but this overlap would not be 
felt experimentally in a single QW at electron densities 
11 21.5·1 0 mcn −  since the Fermi level is above the over-
lap region. 
In the system we studied the conduction is carried out 
just by the electrons of band H1 with extremely small value 
of the effective mass of carriers: for nS = 1.5·10
11 cm−2 
mass at the Fermi level meff = (0.022–0.026)m0 [15,16] 
and with a large value of g factor, g ≅  50 [16]. 
The Landau level spectra for investigated structure 
HgTe/Hg0.35Cd0.65Te ([001]) QW calculated within the 
axial approximation is shown on Fig. 1. The LL notations 
correspond to the notations of [2]. 
It is seen that the Landau levels are of the essence no 
equidistant and nonlinear on magnetic field which caused 
by the mixed nature of the H1 and H2 subbands in the in-
verted-band regime due to a coupling between heavy-hole 
to light-particle states at finite inplane wave vectors k||. 
Only the lowest Landau level (N = −2↓) of the H1 subband 
contains pure heavy-hole states which do not mix with the 
light-particle states [9] (see also [17] and references therein). 
In [17] it is shown that this level is of the same nature in 
two and in three dimensions and it is mapped on the b set 
level of Guldner et al. [18] Eb(0) = (eB/m)εb(0), where 
 ( )1
1 30)
2
(
2b
ε = γ + γ − κ .  (1) 
Fig. 1. (Color online) Landau levels of H1 and H2 subbands for 
an n-type HgTe/Hg0.3Cd0.7Te (001) QW as a function of magnetic 
field within the axial approximation; dW = 20 nm, 2DEGn = 
= 1.5·1011 cm−2. The Landau levels are labeled in accordance 
with the notations of [2]: the quantum numbers N = −2, −1, 0, …, 
and the arrows (↑, ↓) indicate the dominant spin orientation of 
the state. The thick line represents the chemical potential. 
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For the set of Γ8 Luttinger parameters for HgTe 
(γ1 = 12.8, γ  = 8.4 and κ =  10.5 [18]) we have 
 ( )13   κ > γ + γ ,  (2) 
and, according to (1), the level N = −2↓ lowers its energy 
linearly with increasing magnetic field revealing a hole-
like character. All the other Landau levels of the H1 sub-
band show an electron-like character: they rise in energy 
with magnetic field due to the coupling with light-particle 
states. 
Figure 1 shows also that the Landau level of the H2 
subband with N = 0↓ becomes the highest H2 LL at 
5 TB   in consequence of a distinct mixing of the heavy 
and the light states [19]. The unusual behavior of N = −2↓ 
level from the conduction subband H1 in inverted band 
HgTe QWs together with the peculiar dispersion of the 
 0N = ↓  level from the topmost valence subband H2 leads 
to a crossing of conduction- and valence-subband states at 
a some value Bc of the magnetic field (see Fig. 1). 
Such behavior is specific for HgTe QWs and has been 
examined theoretically and experimentally (see, for exam-
ple, [20]). In our structure the lowest N = −2↓ LL of the H1 
conduction subband and the N = 0↓ LL of the H2 valence 
subband cross at Bc ≈ 2.5 T, and the point of intersection is 
immersed in the thick of valence band Landau levels (see 
Fig. 1). As a consequence, the N = −2↓ level is irrelevant 
in our situation and in the actual region of our study at 
B >> Bc just the N = 0↓ level of the H2 subband appears as 
the lowest Landau level of the conduction band. 
Thus, a peculiarity of HgTe QWs in the inverted-band 
regime is that nominally (in labeling of the Landau level 
by the dominant spin component at energies near the H1 
bottom) the spin splitting in the H1 conduction subband 
turns out to be larger than the orbital splitting which is 
particularly evident from a scheme on the inset of Fig. 4. 
Such a relation of spin and cyclotron splittings is a conse-
quence of specific numerical values for Luttinger parame-
ters in HgTe (see Eqs. (1), (2)). 
Note, that for Ge the values of Γ8 Luttinger parameters 
(γ1 = 13.38, γ  = 4.96 and κ = 3.41 [21]) are such that 
 ( )13    κ < γ + γ , (3) 
and thus for the QW based on p-Ge the highest valence 
Landau level Eb(0) = –(eB/m)εb(0) have the same energy 
dispersion as all other hole LL of a spatially quantized va-
lence band [17]. 
Our further plan is as follows: first, to determine the ac-
tivation energies of longitudinal resistivity ρxx in the QHE 
regime for ν = 1 (the gap between N = 0↓ LL of H2 
subband and N = −1↓ LL of the H1 subband), ν = 2 (gap 
N = −1↓ → N = −2↑ of the H1 subband) and ν = 3 (gap 
N = −2↑ → N = 0↓ of the H1 subband) and then, to esti-
mate the background density of states (DOS) in these mo-
bility gaps. 
3. Experimental results and discussions 
We used the method of thermally activated magne-
toresistivity for reconstruction of the 2D electron gas 
(2DEG) spectrum under quantizing magnetic fields at a 
wide HgTe QW with the inverted band structure at 
HgCdTe/HgTe/HgCdTe system. Measurements of the lon-
gitudinal ρxx and Hall ρxy resistivities have been carried out 
in magnetic fields up to 9 T at T = 2.9–50 K (Fig. 2). 
Figure 2(a) gives the magnetic-field dependences of 
the ρxx and ρxy resistivities for the sample under study at 
T = 2.9 K. We can see the features characteristic of the 
QHE regime, i.e., the regions of plateau in the ρxy(B) de-
pendences with corresponding deep minimum of ρxx(B) for 
filling factors up to ν = 3. 
Figure 2(b) shows the magnetic-field dependences of 
the longitudinal ρxx resistivity for investigated sample at 
T = 2.9–50 K. The thermally activated conduction may be 
seen in the magnetic field range of the Hall plateaux. 
3.1. Activation energies 
The appearance of quantized plateaux in the ρxy(B) de-
pendences with vanishing values of ρxx is now commonly 
accepted to be caused by the existence of disorder-induced 
mobility gaps in the DOS of a 2D system in high magnetic 
field. 
When the Fermi level in the QHE regime is settled 
down in the gap between adjacent LLs, the thermally acti-
vated behavior of ρxx (or σxx) is observed due to the excita-
tion of electrons to the narrow band of extended states 
(with a width Γ) near the middle of a disorder-broadened LL. 
Fig. 2. (Color online) The longitudinal and Hall resistivity 
dependencies on the magnetic field B at 2.9 K (i signifies a num-
ber of the QHE plateau) (a). The longitudinal resistivity at 
2.9–50 KT =  (b). 
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As a rule, an assumption is used that the delocalized 
states with discrete energies Е = ЕN are separated by the 
(mobility) gap Δ >> kBT, that leads to an expression [3–5]: 
  ( ) ~ exp Аxx
B
ЕT
k T
−
σ   (4) 
with EA = |EF – EN|. 
Activation behavior of the conductivity σxx (T) for in-
vestigated sample in vicinity of ν = 1 and 2 is illustrated by 
Figs. 3(a), (b). Figures show a fit of σxx (T) dependencies 
by the Arrhenius equation (4) (straight lines in figure) in 
the range of more than one (for ν = 2) or even three (for 
ν = 1) orders of conductivity at T > 10 K. Deviations of 
experimental points from straight lines for T ≤ 10 K are 
explained by variable range hopping among localized 
states at EF, which usually dominates for sufficiently low T 
(see Ref. 11). 
The activation energy EA as a function of B for the fill-
ing factor ν in the vicinity of ν = 1, ν = 2 and ν = 3 for 
investigated sample is presented in Fig. 4. The activation 
energy achieves its maximum value maxaE  at integer value 
of ν. The mobility gap width estimated as maxΔ 2 aE=  is 
closely related to the energy separation between the adja-
cent LLs: Δ N NE E ′= −  within the uncertainty of the ord-
er of Γ. A scheme of the orbital and spin splitting for the 
H1 conduction subband is given at the inset. 
Figure 4 shows a comparison of the extracted activation 
energies with theoretical calculations of the LL dispersions 
from the Fig. 1 the calculated values of halfgaps, ∆ν/2, for 
ν = 1, 2 and 3 are marked by asterisks on the figure (see 
also Table 1). It is seen that the experimentally and theoret-
ically obtained energy gaps are in reasonably good agree-
ment and thus the behavior of the sample is well described 
by our k⋅p model. In particular, we don’t observe an ex-
plicit manifestation of a strong Rashba spin-orbit splitting 
caused by an asymmetry of QW confinement potential (see 
Fig. 1 in [2]). 
3.2. Estimation of parameters 
Let us analyze the obtained results in more details. For 
ν = 1 we have a gap between N = 0↓ LL of H2 subband 
and N = −1↓ LL of the H1 subband at B1 = 6.3 T and it is 
seen geometrically from Fig. 1 that ∆1 should be close in 
magnitude to the gap between the heavy-hole size-
quantized levels H1 and H2 at B = 0: 
 1 1 2 3H H hE E∆ ≅ − = ε ,  (5) 
where 
2 2
2
  
2h hh
h
m d
π
ε = , mhh being the bulk heavy-hole 
mass. For mhh = 0.25 m0 [18] and d = 20 nm we have 3εh = 
= 9.6 meV that is really close to the experimental value 
of ∆1 ≈ 12 meV. 
Fig. 4. The magnetic field dependence of experimentally extract-
ed activation energies and theoretically calculated halves of ener-
gy gap values for ν = 1, 2 and 3 (asterisks). Inset: a scheme of 
spin level layout for heavy-hole subbands H1 and H2 at investi-
gated structure.  
Table 1. The values of magnetic fields, Bν , of the experimen-
tally obtained activation energies, EA, and corresponding gaps, 
exp
ν∆  = 2EA, of calculated energy gaps, 
teor
ν∆ , and background 
DOS, Dν , at LL filling factor ν = 1, 2 and 3 
Parameters ν = 1 ν = 2 ν = 3 
Bν , T 6.3 3.15 2.1 
EA, meV 6 2.4 1.5 
teor
ν∆ , meV 11.6 6.9 3.8 
exp
ν∆ , meV 12 4.8 3 
Dν , 
10 –2 –110 cm meV·  0.64 ± 0.1 0.64 ± 0.05 0.64 ± 0.05 
 
Fig. 3. (Color online) Plot of σxx versus 1/T in semi logarithmic 
scale at the high (a) and the low (b) field side of 1 → 2 transition. 
Solid lines are fit of the data by a law of Eq. (4). 
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Note that the value of the energy gap at ν = 1, 
∆1 ≈ 40 meV, extracted in [9] for HgTe QW with d = 11 nm, 
corresponds well to the estimation by formula (5). 
Now we consider the behavior of the mobility gaps be-
tween LLs corresponding to filling factors ν = 2 and ν = 3. 
In accordance with a scheme of LL levels (see inset on 
Fig. 4) we have: 
 ( ) ( )2 2 2      Z cB B∆ ∆ ∆= −  (6a) 
and 
 ( ) ( )3 3 32 c ZB B∆ −∆ ∆= . (6b) 
Here ∆c and ∆Z are cyclotron and Zeeman splitting, respec-
tively, with c c∆ = ω ,  /c ceB mω = , cm  being electron 
effective mass on the Fermi level, and Z Bg B∆ = µ , g is 
Lande factor, 0/2B e mµ =   is Bohr magneton; B2 = 3.15 T 
and B3 = 2.1 T. Using the experimental values of ∆2 and 
∆3 (see Table 1) and neglecting the B-dependence of effec-
tive mass and g factor for B3 < B < B2, we get the follow-
ing estimates for the parameters: 0/cm m = 0.037 ± 0.005 
and g = 75 ± 5. 
Note, in a case that Zeeman splitting is under the cyclo-
tron one in the H1 subband (see a scheme of LL levels on 
the Fig. 1 in Ref. 16) we would have 
 ( ) ( )2 2 2      c ZB B∆ ∆ ∆= −  (7a) 
and 
 ( )3 3 .Z B∆ = ∆  (7b) 
Then the following values of the parameters would be 
received: 0/cm m = 0.037 (the same as in a former case) 
and g = 28 ± 2. 
It is known that the theoretical values of parameters at 
the bottom of a heavy-hole 2D-subband are [22–25]: 
6g = κ (≅ 60 for HgTe) and 0 1/  ( )cm m = γ γ+  0( /cm m = 
= 0.047 for HgTe). But the estimations of the cyclotron 
and Zeeman energy from the activation analysis in high 
magnetic fields may strongly contradict these values of 
g and mc/m0 as well as the estimations of the cyclotron 
energy from the weak field Shubnikov–de Haas (SdH) 
oscillations due to a mixed nature of heavy-hole subbands 
at finite k|| that leads to a pronounced nonlinearity of the B 
dependence of the LLs in the inverted-band regime. 
The experimentally obtained g and 0/cm m  values for 
the inverted-band HgTe QWs are somewhat contradictory 
and depend on the density of 2D electrons and the width 
of QW. 
Thus, for relatively narrow QWs it was found that 
| |20   5g = ±  for symmetrically doped samples with d = 
= 9 nm ( 11 –2 6.6·10 cmn = ) [26] and g ≈ 20 for 11-nm-
thick HgTe QW (n = 4.66·1011 cm−2) [9]. For a wide 
HgTe QW with d = 20 nm (n = 1.5·1011 cm−2) a value of 
| |g = 50–60 is obtained [16]. 
In [26] the cyclotron mass was determined from the 
temperature dependence of the SdH oscillations at low 
magnetic fields in six n-type modulation doped HgTe sin-
gle quantum wells (d =  4.5 nm). The obtained effective 
masses are: 0.025m0 at ( ) 11 –24 – 6 10 cmn = ⋅  and 00.034m   
at 12 –2 1 10 cmn = ⋅  in accordance with the theoretical cal-
culations of the semi-classical cyclotron mass based on 
a 8×8 k⋅p model. 
In [27] the effective mass m has been deduced from the 
temperature dependence of the amplitudes of the Shub-
nikov–de Haas (SdH) oscillations to be 0.026m =  and 
00.030m  for 11 nm-QW (n = 3.45·10
11 cm–2) and 9 nm-
QW (n =6.6·1011 cm–2), respectively, in good agreement 
with the values of m = 0.0265 and 0.0303 m0, calculated 
by the authors in the framework of the 8×8 k⋅p model. 
Far-infrared cyclotron resonance photoconductivity 
(CRP) have been investigated in [28] for HgTe quantum 
wells of three different widths: 8, 16 and 21 nm. Compared 
to determination of effective masses by the temperature 
dependence of SdH oscillations used so far in this material 
the authors demonstrate that CRP provides a more accurate 
(about few percents) tool. They found cyclotron resonance 
effective mass as a function of the density of 2D electrons: 
in each sample it increases from the value (0.0260 ± 
± 0.0005)m0 at n = 2.2⋅1011 cm–2 to (0.0335 ± 0.0005)m0 
at 11 –29.6 10  cmn = ⋅  . 
3.3. Density of states in mobility gaps 
In addition to the description of Landau level picture, a 
direct determination of the density of localized states (DOS) 
in the mobility gaps is possible from the activation analysis. 
The DOS in mobility gaps may be evaluated from the 
data on activation energy EA as a function of the LL filling 
factor ν [3–6]. As  / Bn nν =  (n is the electron density, Bn = 
/eB hc=  is the degree of LL degeneracy), the filling factor 
can be tuned by the change of either a carrier density [3] or 
a magnetic field [4–6]. 
From the EA(B) dependences the background density of 
states in the mobility gap may be constructed [4,6,29]: 
 ( )
1 1
2
( )A A
F
dE dE BeD E
dn c dB
− −
ν
ν   = =    π   
.  
Figure 5 shows the results for the DOS at mobility gaps ∆1, 
∆2, and ∆3 (see also Table 1). The following features of the 
mobility gap DOS as a function of energy, D(E), should be 
mentioned. Even in the middle of a gap when the filling 
factor is close to an integer, the density of localized states 
is found to have an unexpectedly high values comparable 
with the DOS of 2DEG without magnetic field (for a single 
spin direction): 
D0 = m/2π
2 = 
0
m
m
 1.3·1026 erg–1·cm–2 =  
= 
0
m
m
 2.1·1012 meV–1·cm–2,  
which gives 100 0.63·10D =  meV
–1·cm–2 for 0 0.03m m= . 
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Moreover, D(E) remains almost constant in the over-
whelming part of the energy intervals between adjacent 
LL: D(E) = (0.58–0.64)⋅1010 cm–2·meV–1 ≅ D0 for n = 1, 2 
and 3 (Fig. 5). 
The main result that D(E) is practically constant and 
comparable with D0 within the energy interval between 
adjacent LL’s is consistent with the data for structures with 
n-type conductivity: Si-MOSFET [3], high-mobility [4] and 
intermediate-mobility [29] AlGaAs/GaAs, InGaAs/InP [5] 
as well as for multilayer p-Ge/Ge1-xSix heterostructures [6]. 
As all short-range impurity potential models lead to an 
exponential drop in DOS between Landau levels, the clear 
picture for the DOS in QHE regime may be presented only 
in terms of the long-range potential fluctuations in combi-
nation with the oscillating dependence of DOS on the fill-
ing factor. Such idea has been advanced in early work of 
Shklovskii and Efros [30] and then developed in series of 
works of Efros with collaborators (see [31,32] and refer-
ences therein). 
In selectively doped heterostructures, the smooth ran-
dom potential is formed by fluctuations in concentration of 
remote impurities. When the filling factor is close to an 
integer very small concentration of electrons, Bn n<<  , can 
be redistributed in space and thus one occurs in conditions 
of so called nonlinear screening [30–32] (“threshold” 
screening in terms of [33]). 
For integer ν exactly the screening is realized only due 
to electrons (and holes) induced by an overlap of adjacent 
fluctuating Landau levels, and so the amplitude of random 
potential is of the order of corresponding LL gap. Conse-
quently the apparent (averaged over the sample) back-
ground DOS becomes of the order of D0. 
It is considered that for the filling factors close to half 
integers (the regions of plateau to plateau transition) the 
potential fluctuations would be small due to effective (lin-
ear) electron screening [30–33]. 
4. Conclusions 
Reach information concerning QWs in the 2D hete-
rosystem may be obtained from the study of magne-
totransport in the quantum Hall regime. In comparison 
with a usual analysis of the experimental magnetoresis-
tivity traces the activation analysis yields an accurate quan-
titative tool to probe inter-LL distances and to estimate the 
background density of states in mobility gap between adja-
cent LLs. 
We have investigated the activated magnetotransport in 
the QHE plateau regions at the HgCdTe/HgTe/HgCdTe 
system with the inverted band structure in magnetic fields 
up to 9 T for a wide temperature range T = 2.9–50 K, 
which turned out possible owing to the high-energy scale 
of the quantum Hall effect in HgTe. 
The activation energies of ρxx in the QHE regime for 
the gap between N = 0↓ LL of heavy-hole subband H2 and 
N = −1↓ LL of heavy-hole subband H1 (ν = 1) and for the 
gaps N = −1↓ → N = −2↑ (ν = 2) and N = −2↑ → N = 0↓ 
(ν = 3) of the H1 subband were determined. It is shown 
that the experimentally obtained energy gaps are well de-
scribed within the framework of k⋅p model. 
Activated behavior in the quantum Hall regime also 
yields the background DOS that characterizes random po-
tential distribution in the system. 
Note that the temperature ranges where the QHE is still 
observed are significantly different for various materials: 
from liquid- and subliquid-helium temperatures for III–V 
structures to room temperatures for single-layer graphene 
(see, e.g., [34]). For the studied structure based on HgTe, 
the QHE range extends up to nitrogen temperatures (see, 
e.g., [8]) due to large cyclotron and Zeeman splittings. 
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